Radiat Environ Biophys (2013) 52:523-530
DOI 10.1007/s00411-013-0488-3

ORIGINAL PAPER

Single-cell responses to ionizing radiation

Brian Ponnaiya - Sally A. Amundson + Shanaz A. Ghandhi -

Lubomir B. Smilenov + Charles R. Geard -
Manuela Buonanno - David J. Brenner

Received: 15 April 2013/ Accepted: 13 August 2013 /Published online: 31 August 2013
© The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract While gene expression studies have proved
extremely important in understanding cellular processes, it
is becoming more apparent that there may be differences in
individual cells that are missed by studying the population
as a whole. We have developed a qRT-PCR protocol that
allows us to assay multiple gene products in small samples,
starting at 100 cells and going down to a single cell, and
have used it to study radiation responses at the single-cell
level. Since the accuracy of qRT-PCR depends greatly on
the choice of “housekeeping” genes used for normaliza-
tion, initial studies concentrated on determining the opti-
mal panel of such genes. Using an endogenous control
array, it was found that for IMR90 cells, common house-
keeping genes tend to fall into one of two categories—
those that are relatively stably expressed regardless of the
number of cells in the sample, e.g., B2M, PPIA, and
GAPDH, and those that are more variable (again regardless
of the size of the population), e.g., YWHAZ, 18S, TBP, and
HPRTI. Further, expression levels in commonly studied
radiation-response genes, such as ATF3, CDKNIA,
GADD45A, and MDM?2, were assayed in 100, 10, and
single-cell samples. It is here that the value of single-cell
analyses becomes apparent. It was observed that the
expression of some genes such as FGF2 and MDM?2 was
relatively constant over all irradiated cells, while that of
others such as FAS was considerably more variable. It was
clear that almost all cells respond to ionizing radiation but
the individual responses were considerably varied. The
analyses of single cells indicate that responses in individual
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cells are not uniform and suggest that responses observed
in populations are not indicative of identical patterns in all
cells. This in turn points to the value of single-cell
analyses.
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Introduction

It is becoming increasingly clear that cells in a population,
even a supposedly homogeneous one, are not identical in
terms of gene expression. Studies of single cells, in either
resting or stimulated states, have demonstrated large vari-
ations among individual cells (Cai et al. 2006; Maheshri
and O’Shea 2007; Raj et al. 2006). This complexity has led
to the idea that not all cells in a population may behave in
exactly the same way in terms of gene expression and that
examining the response of a population as a whole can
potentially mask subtle differences within the population.
This in turn has increased the appreciation for the power of
analyzing cellular responses on a cell-by-cell basis (Ben-
gtsson et al. 2008; Marcy et al. 2007; Toriello et al. 2008;
Zhang et al. 2008; Zhong et al. 2008).

The analyses of individual cells may prove to be
important in the cellular response to ionizing radiation.
Radiation is routinely used in studies of DNA repair and
cellular responses to DNA damage. Following exposure to
ionizing radiation, there is an induction of a host of cellular
responses, including stress signaling, cell cycle arrest, and
activation of complex DNA repair processes (Lobrich and
Jeggo 2007). These responses may occur as a result of
alterations in specific protein activities via modifications
(Jazayeri et al. 2008; Pilch et al. 2003), changes in
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subcellular localization (Mladenov et al. 2006; Vissinga
et al. 2008), or changes in gene expression profiles
(Amundson et al. 2008). While protein modifications and
re-localization have been demonstrated in individual cells
by immunocytochemistry, to date there is little data on the
radiation response in individual cells in terms of gene
expression alterations. Almost all studies of gene expres-
sion in response to radiation have been based on population
studies that have proved invaluable to understanding the
complexity of the overall cellular response to ionizing
radiation (Amundson 2008).

We have previously reported on the variability of
alterations in gene expression in individual irradiated cells
(Ponnaiya et al. 2007). A charged particle microbeam was
used to target the nucleus of individual cells with a specific
number of a-particles. Single cells were isolated using a
micromanipulator, and a multiplex RT-PCR protocol was
used to amplify CDKNIA and ACTB products from indi-
vidual control and irradiated cells. When normalized to
ACTB expression levels, CDKNIA was induced in all
irradiated cells at 1-h post-irradiation when compared to
controls, but the level of induction varied among individual
irradiated cells from four- to ninefold above the mean of
the control cells. Obviously, this variation would not be
apparent if the population were assayed as a whole.

While the above-mentioned study was designed to
demonstrate that it was indeed possible to measure
responses to ionizing radiation at the single-cell level, there
were several limitations. One of the main constraints was
the fact that only a small number of gene products could be
assayed reliably from any given cell. In our hands, a
maximum of three gene products could be routinely
assayed (one of them an endogenous control). This
severely limited the power of single-cell analyses to
investigate cellular responses to radiation, given the mul-
titude of pathways that may be involved in a cell’s response
to irradiation (a few or all of which may be activated in a
particular cell). Another weakness to this approach is that
conventional RT-PCR is semi-quantitative at best.

To overcome some of the limitations discussed above,
we have developed a protocol to increase the number of
genes that can be assayed from individual irradiated cells.
This approach uses low-density TagMan real-time PCR
arrays that require only a very small amount of material for
amplification and quantitative measurement of up to 48
genes in a single cell. TagMan real-time PCR is an extre-
mely sensitive and reproducible method for detecting gene
expression and has been used for single-cell analyses (Citri
et al. 2012; Guo et al. 2010; Stahlberg et al. 2013). How-
ever, many factors may affect the analysis of the data
including the selection of the endogenous control genes. To
date there has been little effort to examine the variation of
endogenous controls among control and irradiated
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individual cells. Presumably the best endogenous control
would be one that is expressed in all cells at the same level
regardless of the experimental conditions. However,
experimental evidence suggests that some of the most
commonly used control genes (e.g., GAPDH and 18S) are
not stably expressed across different cell types or experi-
mental conditions (Glare et al. 2002; Suzuki et al. 2000;
Thellin et al. 1999). Therefore, to achieve any accuracy in
gene expression analyses, it is important that a careful
selection of endogenous controls be conducted. In single-
cell analyses, this becomes even more crucial.

In this study, we present a systematic analysis of the
stability of expression of a panel of genes routinely used
for the normalization of qRT-PCR data using 100, 10, and
single-cell samples. In addition, data are presented com-
paring the responses of 100, 10, and single cells to ionizing
radiation as a model for stress response.

Materials and methods
Cell culture, irradiation, and single-cell isolation

Low passage IMR90 human lung fibroblasts (Coriell Cell
Repository, Camden, NJ) were maintained in a 1:1 mixture
of Dulbecco’s Modified Eagle’s medium and Ham’s F10
medium, supplemented with 15 % fetal bovine serum.
Prior to each experiment, cells were maintained at con-
fluence for 1 week to ensure that the majority of the pop-
ulation was in GO/G1 phase of the cell cycle. Confluent
IMRO0 cells were irradiated with 1 Gy y-rays (0.8 Gy/
minute) using a Gammacell-40 137Cs irradiator (AECL,
Ontario, Canada) and returned to the incubator for 4 h,
following which cells were harvested and resuspended at
1X10° cells/ml in 1 % BSA in PBS. 100, 10, or individual
control and irradiated cells were sorted at 4 °C into wells of
96-well plates using a flow cytometer (FACSAria, BD
Biosciences). Plates were stored at —20 °C.

Lysis, reverse transcription, and pre-amplification

Sets of wells were cut from each 96-well plate and the
lysis, reverse transcription, and pre-amplification reactions
were conducted in the same well to minimize the loss of
material. Lysis and RT reactions were performed using the
Cells-to-Ct kit (Applied Biosystems, CA). Briefly, wells
were thawed on ice and lysed at RT in 1.5 pl of lysis
solution. Following lysis, 6.5 pl of RT reaction master mix
was added to each well and incubated for 60 min at 37 °C
followed by a 5-min incubation at 95 °C. For the single-
cell samples (but not the 10 and 100 cell reactions), a pre-
amplification reaction was run in the same well using a pre-
amplification kit (Applied Biosystems,) using gene-specific
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probe-primer sets that were identical to those on the low-
density arrays. 32 pl of pre-amp master mix was added to
each well, and PCR was conducted for 14 cycles according
to the manufacturer’s protocol. Following pre-amp, all
samples were diluted 1:5 with ddH,0 and either loaded
onto arrays immediately or temporarily stored at —20 °C.

Quantitative real-time PCR (qRT-PCR)

gRT-PCRs were performed using Tagman Low-Density
Arrays (TLDAs) run on the 7900HT Fast Real-Time PCR
System (Applied Biosystems). 50 pl of diluted pre-amp
sample was added to 50 pl of Universal PCR master mix
(Applied Biosystems), loaded onto the arrays, and run for
45 cycles.

Two types of TLDAs were used in these studies. The
first was a preconfigured, Human Endogenous Control
TLDA (Applied Biosystems) that has triplicates of 16
genes that are routinely used as normalization controls
(I8S, ACTB, B2M, GAPDH, GUSB, HMBS, HPRT1I, IPOS,
PGKI, POLR2A, PPIA, RPLPO, TBP, TFRC, UBC, and
YWHAZ). The other was a custom-designed array that
included 5 endogenous controls (/8S, ACTB, GAPDH,
PPIA, and UBC) and 43 other genes that were selected
based on previous observations that they were altered in
irradiated and/or bystander populations (Ghandhi et al.
2008).

Baseline and threshold values were automatically
determined for all samples using the SDS version 3
software (Applied Biosystems). The obtained data were
analyzed using geNorm, version 3.5 (Vandesompele et al.
2002), to determine the most stably expressed endogenous
control genes. geNorm provides a ranking of the tested
genes based on the average expression stability value M
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Fig. 1 Comparisons of average expression stability (M, as generated
by geNorm) of 16 control genes on the endogenous control arrays
between samples of single cells (green bars), 10 cells (purple bars),
and 100 cells (yellow bars). The dashed line indicates an M value of

HPRT1 POLRZA ACTB UBC  PGK1 GUSB

which is defined as the average pairwise variation of a
particular gene compared with all other control genes.
Genes with higher M values have greater variations of
expression. Additionally, the assessment of the pairwise
variations (V.4 1) between each combination of sequen-
tial normalization factors allows the identification of the
optimal number of reference genes. The geNorm analyses
were performed for control and irradiated cells separately
as well as by considering all data together. There was no
difference in the results as analyzed by either method
(data not shown) so the stability of expression of refer-
ence genes presented here will focus on the data as a
whole with data from both control and irradiated cells
combined.

In all the custom array data, the optimal number of
reference genes for normalization of the data was deter-
mined to be 2. For single-cell analyses, the two genes were
GAPDH and UBC, while for the 10- and 100-cell analyses,
the two genes were PPIA and GAPDH.

Results

Comparisons of the stability of expression
of endogenous controls

Since the accuracy of relative quantification by qRT-PCR,
especially at the single-cell level, depends greatly on the
choice of endogenous control genes that are used for nor-
malization, initial studies concentrated on determining the
optimal panel of such genes. The relative expression of 16
housekeeping genes was assayed in control and irradiated
samples consisting of 1, 10, or 100 cells (Fig. 1) and
analyzed by geNorm (Suzuki et al. 2000).

PPIA GAPDH B2M RPLPO

1.5 below which genes are considered to be stable when assayed in
populations. Genes are ranked by stability in single cells with the
most variable on the left and the most stable on the right
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As can be seen, within the 100-cell analyses, all genes
except 18S had M values of <1.5 and would be considered
stably expressed and appropriate normalization controls for
gRT-PCR. When the numbers of cells were reduced to 10,
M values of three genes (YWHAZ, TBP, and HPRTI) were
above 1.5 which would make them unsuitable endogenous
controls. When numbers of cells were reduced to single
cells, 10 of the genes rose above a 1.5 M value. Further,
with two exceptions (/8§ and HPRTI), increasing the
number of cells being assayed increased the stability of a
particular gene. For example, the most stably expressed
gene among single cells, RPLPO had an M value of 1.387,
0.988, and 0.328 in single-cell, 10-cell, and 100-cell sam-
ples, respectively. This is expected that for some genes,
there would be more variation across 10 single cells as
compared to a pool of 10 cells or 100 cells.

The other trend observed is that, regardless of the
number of cells being assayed, some genes such as YW-
HAZ, 18S, TBP, and HPRT1 tend to be variably expressed,
that is, their M values tend to be among the highest for that
particular group of cells. Additionally, other genes such as
B2M, PPIA, and GAPDH tended to be among the more
stably expressed across all three groups.

Alterations in the expression levels of genes in response
to ionizing radiation

Given the success in observing gene expression at the single-
cell level (albeit in relatively highly expressed housekeeping
genes) and having determined the optimal number and kinds
of endogenous controls required for accurate normalization
of the data, we next used custom arrays to determine the
expression of radiation-response genes in 100, 10, and
individual control and irradiated cells.

Five reference genes were included on the custom
arrays, and their average expression stability is presented in

2.500
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1.500

L1l

185 ' ACTB PPIA GAPDH
Fig. 2 Comparisons of average expression stability (M, as generated
by geNorm) of 5 control genes on the custom arrays between samples
of single cells (green bars), 10 cells (purple bars), and 100 cells
(yellow bars)
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Fig. 2. The patterns of expression were similar to those
observed in Fig. I, in which expression of /8S is most
variable while other genes are more uniformly expressed in
100, 10, and single cells. For the single-cell data set,
geNorm determined that UBC and GAPDH were sufficient
for normalization of the single-cell data, while GAPDH and
PPIA were most stably expressed in the 10- and 100-cell
data and therefore the best reference genes for normaliza-
tion of these samples.

Using these endogenous controls, the relative expression
levels of 7 radiation-response genes were analyzed in
samples of single, 10, and 100 cells (Fig. 3). These genes
were consistently detected in all individual cells assayed
and allow for the comparison of a gene set across indi-
vidual irradiated and non-irradiated cells. As can be seen,
for 6 of the 7 genes (except GJAI), there was good general
agreement between the expression profiles observed in
individual cells and those seen in 10 and 100 cells samples.
When taken together as a group, the expression levels of
individual control (non-irradiated) cells were not signifi-
cantly different from the levels in larger groups of cells
with the exception of GJAI. Further, similar to patterns
seen in 10 and 100 cells irradiated samples, irradiated
single cells on average showed higher levels of expression
when compared to controls. Interestingly, for GJAI while
there was a difference in the expression levels between
single and 10 and 100 cell samples, there was no induction
following exposure to radiation in any of the irradiated
populations when compared to the matched controls. Also,
as expected, increasing the number of cells per sample,
going from 1 to 10 to 100 cells, resulted in smaller varia-
tion within the samples (as seen by reduced standard
deviations).

While comparing the means of the control group and
irradiated group of individual cells demonstrates that the
irradiated group had elevated levels of expression of almost
all genes, a more detailed examination of the response of
individual cells reveals a more complex picture (Fig. 4).
Looking at the expression profiles in the individual control
cells, it is clear that there is some variability in the basal
expression levels of all the genes studied. While some of
them, e.g., FGF2 and MDM?2, had relatively small degrees
of variability, others such as GJAI and FAS had larger
ranges of expression. Irradiated individual cells also dem-
onstrated a range of expression levels over all the genes.
Additionally, not all irradiated cells had the same expres-
sion profiles. For example, while irradiated cell #1 had
elevated expression levels for all genes except GJAI,
irradiated cell #8 had gene product levels similar to the
mean of all control cells. Further, irradiated cell #7 had
some of the highest levels of ATF3, CDKNIA, and MDM?2,
but control levels of DDB2 and FGF2. On the other hand,
irradiated cell #3 had some of the highest levels of ATF3,
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Fig. 3 Comparisons of mean 2
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Fig. 4 Heatmap depicting ATF3  CDKN1A DDB2  FAS FGF2  GADD45 GJA1  MDM2

relative expression levels of the Control #1 0.365697 0.179085 0.361162 0.380171 0.13819 0.217595 0.69242 0.025308

7 gf‘“es de.sml%e‘.j g? ].:;g'f Control #2 0.288315 0.187989 0.066464 0.306662 0.11556 0.231763 0.33326 0.072681

f;‘;;ﬁr‘;)l dmIO lr‘rr; d‘i;egaceus Control #3 0.445075 0.019332 0.121592 | 0.654343 0.117369 0.100073 0.204776 0.045598

(rows). Colors represent relative Control #4 0.12471. 0.74828 0.111619 0.124797 0.216532 0.152159 0.118065 0.110311

levels of expression with yellow Control #5 0.149981 0.085073 0.311402 0.189839 0.109869 0.41261/1.018785 0.241459

being low and red being high Control #6 0.165135 0.059901 0.201761 0.059035 0.046608 0.109251 0.119885 0.016456
Control #7 0.713219 0.094432 0.129805 0.185748 0.067893 0.106684 0.293904 0.403158
Control #8 0.243117 0.291329 0.105165| 0.753521 0.086014 0.161177 0.246169 0.237948
Control #9 0.166468 0.016012 0.136155 0.053117 0.019281 0.050707 0.089953 0.024236
Control #10 0.147157 0.247659 0.042084 0.336908 0.100525 0.093585 0.108776 0.298422

Mean Control

0.280887 0.192909 0.158721 0.304414 0.101784

0.16356 0.322599 0.147558

Irradiated #1
Irradiated #2
Irradiated #3
Irradiated #4
Irradiated #5
Irradiated #6
Irradiated #7
Irradiated #8
Irradiated #9
Irradiated #10

0.759357

0.868531
0.268101

0.9585
0.556576 0.403782 0.371298| 1.040048
0.125143 0.268064 0.252727 0.065455
0.378103 0.075564 0.78%91
0.493363 0.383346
0.483108 0.176094 0.103911

0.854244 0.104583 0.671621
0.178169 0.084807 0.105063 0.180031
0.231072 0.303846
0.756799 0.679705 0.19155

1.030147 0.837319 1.030147 0.542934 0.0736 0.635009
0.30117 0.517148 0.198698 0.358899
1.25758 0.670194 0.239426
0.162313 0.255758 0.228118 0.678702
0.02529 0.390317 0.289718 0.604461 0.112478 0.493363
0.059146 0.276896 0.156954 0.439647 0.263965
0.124976 0.751956 0.910493 0.847168
0.214095 0.150969 0.16158 0.192686
0.23446 0.140478 0.155978 0.217549 0.062909 0.209121
0.249305 0.066939 0.679705 0.062413 0.458496

Mean Irradiated = 0.660441

0.434757 0.250995 0.460658 0.268769 0.513501 0.292013 0.437683

GADD45, and GJAI but not for the other genes. Taking the
data of 10 irradiated cells for this limited number of genes,
it appears that almost all cells respond to ionizing radiation
but the pattern of the individual responses is markedly
different. Additionally, there is no situation where the
expression profile of multiple cells is exactly the same and
the response of the population is more heterogeneous at the
single-cell level.

Discussion

Much of what is known of the alterations in gene expres-
sion profiles has come from the data that measure

expression in RNA pools from thousands, if not millions,
of cells. However, there is an awareness of the cell-to-cell
variations within a population and the power of single-cell
analyses to study this heterogeneity and to focus on effects
in rare cells of interest, such as stem cells.

One question that arises in any single-cell analysis is
that of the source of variability among individual cells.
Essentially, the variations can be due to two reasons—
either they reflect true cell-to-cell differences in gene
expression or they arise from noise associated with mea-
surements of extremely small amounts of material (fem-
tograms). There has been a significant effort made to
examine the relative contributions of each to single-cell
analyses. For example, Bengtsson et al. (2008) concluded
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that the noise in single-cell qRT-PCR is insignificant
compared to biological cell-to-cell variations in mRNA
levels for medium- and high-abundance transcripts. We
believe that in the data presented here, the variations are
real differences between cells. First, the mean of the indi-
vidual irradiated cells was higher than the mean of the
control cells for all genes that have been previously shown
to be elevated in irradiated populations. Further, these
means (of both irradiated and control cells) were in
agreement with the data trends for 10 and 100 cell samples.
From Fig. 4, it can be seen that there are larger variations
among the irradiated cells than within controls. If the genes
analyzed are being induced in irradiated cells (as would be
expected), the noise would be expected to decrease due to
the increase in the number of transcripts. This would
indicate that the variations we observe are indicative of
cell-to-cell differences and that the contributions of tech-
nical noise to these variations are minimal.

The preceding discussion underscores the absolute
requirement of a thorough analysis of the stability of
endogenous genes used to normalize qRT-PCR data. From
our data, it is clear that some genes that are routinely used
to normalize RT-PCR data, such as 18S, HMBS, and
HPRTI, were very unevenly expressed in our cell system.
Additionally, exposure to ionizing radiation did not change
the expression levels of the housekeeping genes assayed to
any great extent (data not shown). Some genes were always
among the most variable irrespective of whether they were
assayed at the level of a single cell or in larger populations.
Others were stable in 1, 10, or 100 control or irradiated
cells. This consistency in the relative stability regardless of
cell numbers would suggest that the differences among
individual cells are truly biological in nature and not due to
some experimentally induced errors. It must be stressed
that while the single-cell data are in good agreement with
those from 10- and 100-cell samples, care must be taken in
the interpretation of the data given the limited number of
individual cells.

Radiation-induced transcriptional profiles of fibroblast
cells have been analyzed by several groups by microarrays
and qRT-PCR (Ding et al. 2005; Iwakawa et al. 2008; Kis
et al. 2006; Sokolov et al. 2006; Sugihara et al. 2008; Zhou
et al. 2006). However, with exceptions, small changes in
gene expression (less than twofold) are typically not con-
sidered significant and remain unreported. One exception is
Sokolov et al. (2006), who found that in IMR-90 cells
irradiated with 1 Gy y-rays, changes in the level of the
majority of the genes assayed were less than twofold.
Interestingly, at 2-h post-irradiation, there was about a 2.5-,
1.5-, and 1.4-fold induction in CDKNIA, GADD45A, and
DDB2, respectively, by RT-PCR. Ding et al. (2005)
reported that in normal human skin, fibroblasts irradiated
with 4 Gy X-rays and assayed by RT-PCR, MDM?2 was 2.2
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times higher than controls at 2 h, and there was a 6.5-fold
induction of CDKNIA 4-h post-irradiation. Further, Kis
et al. (2006) irradiated primary human fibroblasts, estab-
lished from skin biopsies, with 1 Gy y-rays and reported
about a fivefold induction of CDKNIA and ~ 1.5-fold
induction in GADD45A, 2-h post-irradiation. Our data from
single-cell analyses are consistent with these studies,
indicating changes in gene expression in individual cells
within the range of changes previously reported in studies
that employed similar cell types, similar types and doses of
radiation, and the same assay method within the same time
frame post-irradiation.

What is not apparent in the above-mentioned studies is
the heterogeneous nature of the response within the irra-
diated population. From the data in Fig. 4, it is clear that
there is considerable variation both in individual control
cells as well as in the responses of irradiated single cells
and that this variation is not simply that some cells respond
and some cells do not respond. It appears that within a
population, the overall response is more complex, with
responding genes within a cell being differentially
expressed, possibly due to differences between cells in the
timing of response between individual cells. Further,
expression levels for any particular gene may be relatively
uniformly elevated among all cells (e.g. MDM?2), in which
case the data of the population as a whole is very similar to
that of most of the individual cells analyzed. Alternatively,
a gene may not be expressed uniformly across the popu-
lation (e.g., FAS), in which case the elevation in the
expression of the gene seen in the population as a whole is
due to elevations in only a fraction of the cells in a pop-
ulation. This would suggest that responses are not uniform
across all cells and that the overall response of a population
is the sum of a complex pattern of alterations in the
expression of a variety of genes in individual cells. These
differences would be impossible to detect in analyses of
populations.

The variations in responses observed across individual
irradiated cells suggest that there may be differences
between cells that are inherent in even a predominantly GO
population. It is possible that there is some sort of genetic
heterogeneity in the population that results in differences in
the way cells respond to damage following irradiation.
Alternatively, while the experiments were designed to
minimize the effects of cell cycle-related differences, it
remains possible that some of the variability observed is
related to cells being at subtly different points of the cell
cycle.

The data presented here speak to the sensitivity of qRT-
PCR to detect small changes in gene expression profiles
and together with single-cell analyses provide a powerful
approach to investigate the complexity of cellular respon-
ses to ionizing radiation, and many other applications
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where gene expression patterns in individual cells may be
of interest.
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